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 General Comparison of the Methods 
 Principles 
 Practical considerations 
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 Young’s Modulus of porous/ defective coatings 
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NANOINDENTATION 
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Highlights LASER-INDUCED SURFACE ACOUSTIC WAVE SPECTROSCOPY 
LISAWS 










 Test time < 1 minute 
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isotropic: E, ν, ρ
cubic: C11, C12, C44 , ρ
film 1: E1, ν1, ρ1, d1
film 2: E2, ν2, ρ2, d2
film 3: E3, ν3, ρ3, d3
film 4: E4, ν4, ρ4, d4
film 5: E5, ν5, ρ5, d5
1) Measuring the velocity of 




 Young‘s modulus 
 Coating thickness 
 Density 
 Depth of  
 Nitriding layer 
 Case-hardening 
 Damage layers 
 Porosity 
 Surface hardness 
LISAWS - MEASURING PRINCIPLE 1 
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GENERAL COMPARISON - PRINCIPLES 
7 
Nanoindentation LiSAWS 
Method Quasi-static - Er ~ dP/dh 
 
Dynamic - sound velocity  
c ~ √(E/ρ) 
Measuring area < 10 µm² (local method) > 2 x 5 mm² (integral method) 
Deformation Elastic (+plastic) Elastic 
Strain amplitude nm-range pm-range 
Strain rate Low - moderate High 
Main measurement direction Vertical Lateral  
Very hard coatings High amount of indenter deformation 
(correction necessary) 
No additional requirements 
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Surface roughness High influence on measurement 
quality 
Slight influence on measurement 
quality 
Curved surface               (+ additional considerations)             (+ additional considerations) 
Film stacks              (+ simulation)             (high effort) 
Elevated Temperatures 
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GENERAL COMPARISON - TYPICAL RESULTS 
9 
Nanoindentation LiSAWS 
Typical Results - Indentation modulus, reduced 
modulus 
- Indentation hardness 
- Work of indentation 
- Viscoelastic properties 
- In combination with elastic modelling: 
- Generic Young’s modulus 
- Yield strength 
- … 
- Young’s modulus 
- Density 
- Coating thickness 
- Porosity 
- Processing layer depth 
- … 
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CHARACTERIZATION OF TETRAHEDRAL AMORPHOUS 
CARBON (ta-C) 
H 
sp3 (Diamond)  
a-C:H a-C 
sp2 (Graphite)  
ta-C 
  
0 % sp³ 
E ≈ 50 GPa 
Graphite 
100 % sp³ 
E ≈ 1147 GPa 
Diamond 
15 - 40 % sp³ 
E ≈ 150 - 400 GPa 
a-C 
40 - 80 % sp³ 
E ≈ 400- 800 GPa 
ta-C 
Frauenheim et al., J. Non-Crystalline Solids 182, 1995  
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LiSAWS
ANISOTROPY OF ta-C 
12 
Material 
 ta-C film on steel (thickness ca. 6 µm) 
Experiments 
 
 QCSM line scan at calotte crater 
 LiSAWS at surface, standard setup 
 QCSM at cross section 
 
 
 Strong anisotropy of ta-C 
 LiSAWS measures predominantly in 
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VERY THIN FILMS - REQUIREMENTS 
 
Nanoindentation 
 High demands on instrumentation 
 Indentation depth < 10 x film thickness 
 High accuracy depth measurements  
with resolution < 1 nm 
 Accurate determination of the true surface 
position with an accuracy < 1% 
 Accurate thermal drift correction 
 Accurate knowledge of tip radius and frame 
compliance 
 Shock-free appliance of the test load 
 Low surface roughness 
LiSAWS 
 Substrate with low HF attenuation (typically Si) 
 Density and thickness of film material 
 Accurate aligning of the system 
 
 
T. Chudoba, et. al.,  J. Mater. Res., 19 (2004) 301-314 
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VERY THIN FILMS - COMPARISON 
 
T. Chudoba, et. al.,  J. Mater. Res., 19 (2004) 301-314 
15 
Material 
 a-C and ta-C films on Si (thickness 4.3 nm … 125 
nm) 




 Good correlation 
 Both methods enable measurement of E 
 But different effort necessary 
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VERY THIN FILMS < 10 nm 
16 
Material 





 Strong effect on dispersion curve 
 Valid evaluation possible 
 Beyond nanoindentation (for 
homogenous layers) 
 
Material E (LiSAWS) /GPa 
HfO2 220.4 

























 TiAl 5 nm




 Si (100) uncoated
 Si (100) uncoated,


















slope = film effect
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YOUNG‘S MODULUS OF DENSE COATINGS 
Material 
 Thermally sprayed coatings (300 µm - 
350 µm) 
 Micro-indentation at cross-section 
 LiSAWS at as-sprayed surface 
 PVD hard coatings (0.8 µm - 3 µm) 
 
Result 
 Highly correlated 
 EIndentation ≅ ELiSAWS 
18 
L.-M. Berger, D. Schneider  et. al. Thermal 
Spray Bulletin 1/12, 2012  
D. Schneider, B. Schultrich et al., 
Thin Solid Films 332, 1998 
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YOUNG’S MODULUS OF POROUS/ DEFECTIVE COATINGS 
Material 
 Thermally sprayed coatings (200 µm - 350 µm) 
 Micro-indentation at cross-section 
 LiSAWS at as-sprayed surface 
 Nano-porous low-k films (70 nm - 820 nm) 
 Porosity > 40% 
 
Result 
 ELiSAWS < EIndentation 
  Porosity and micro defects influence 




S. Frühauf, Chemnitz University of Technology, 2005 L.-M. Berger, D. Schneider et al., Thermal Spray Bull. 1/12, 2012  














































































































































Thermally sprayed ceramics Low-k dielectrics 
100 nm 50 µm 
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Surface acoustic waves 
 Pores reduce velocity 




YOUNG’S MODULUS OF POROUS/ DEFECTIVE COATINGS 
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Eeff = 68 GPa Eeff = 85 GPa Eeff = 113 GPa 
YOUNG’S MODULUS OF POROUS/ DEFECTIVE COATINGS 
M. Leonhardt et. al., Surface and Coatings Technology 185 (2004) 292 
Effective Young’s modulus measured with LiSAWS (compact Ti: E = 116 GPa) 
22 



























Diesen Kasten nicht löschen (ist für die Funktion der Folie wichtig) 
CONCLUSIONS 
Nanoindentation 
 High lateral resolution 
 Multi-phase materials (phase-resolved) 
 Gradients 
 Measurement of plastic (hardness, yield strength) and viscoelastic material behavior  
 
LiSAWS 
 Quality control (fast, non-destructive, low sample requirements) 
 Very thin films  
 Porous films & multi-phase materials (effective modulus) 
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